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INTRODUCTION
Empathy is defined as the ability to perceive, understand, and react to the feelings, thoughts, or attitudes of others while maintaining a clear self-other distinction [de Vignemont and Singer, 2006; Decety and Jackson, 2004; Decety and Lamm, 2006; Krishnan et al., 2016] . Importantly, empathy implies that the observation or imagination of another person in a particular emotional state may automatically activate the representation of that state in the observer/imaginer [Betti and Aglioti, 2016; Jackson et al., 2006; Lamm et al., 2011] . Thus, the vicarious sharing of others' states may rely both on implicit, largely automatic processes (e.g., mirroring, affective resonance, or emotional contagion) as well as on explicit higher-order ones (e.g., emotion labelling and description, mentalizing, perspective taking, appraisal of the situation) [Singer, 2006; Singer and Lamm, 2009; Walter, 2012] . While there is a certain degree of agreement on the importance of both implicit and explicit components of empathy, some scholars give special importance to one over the other. Batson et al. [1997] , for example, emphasize people's intentional role-taking ability, which mainly taps into higher-order, appraisal-related, cognitive resources [Decety and Ickes, 2011] . In contrast, the perception-action model [Gallese et al., 2004; Keysers and Gazzola, 2006; Preston and de Waal, 2002] conceptualizes empathy as a largely involuntary, vicarious response to the emotional state of another person, in which preconceptual phenomena, including simulation and imitation, have a clear role in the primitive understanding of another person's mind [Carr et al., 2003; Corradini and Antonietti, 2013] . The empathic sensorimotor reactivity to the suffering of others occurs rapidly and, possibly, involuntarily [Avenanti et al., 2005 [Avenanti et al., , 2010 Betti and Aglioti, 2016; Betti et al., 2009; Botvinick et al., 2005; Costantini et al., 2008; Han et al., 2009; MinioPaluello et al., 2006; Valeriani et al., 2008] . Much less is known about the neural network underlying the implicit mechanisms of empathic processes. Two studies have been conducted with the purpose of investigating the subliminal priming of suffering in other individuals [Ibanez et al., 2011; Yamada and Decety, 2009] . Authors in the first study [Ibanez et al., 2011] investigated whether processing of vicarious pain is other-rather than self-related information, and whether it evokes signals of danger rather than empathy. To test this hypothesis, two experiments involving subliminal stimuli were designed. In both experiments, participants were presented with semantic expressions referring to neutral or painful events and previously primed with the faces of participants themselves, or those of others. Behavioural responses and electrical activity were then measured. Results showed that other-face priming facilitated the detection of semantic pain expressions and modulated early (N1) and late (P3) cortical responses. These results illustrate the subliminal effect of empathyinducing stimuli and suggest that vicariously experienced pain acts as a negative affective prime, supporting the hypothesis of pain threat value in empathy. In another behavioural study, Yamada and Decety [2009] explored whether the affective valence of unconscious stimuli influences the detection of pain in others. In their study, the tendency to judge pain intensity was facilitated by unconscious negative affective processing, implying that detection of pain is primarily influenced by its inherent threat value. The spatiotemporal brain dynamics of empathy for pain and for happiness, instead, were recently investigated by a study [Wang et al., 2016] , in which participants were primed by photographs of a stranger or a close friend. Their results suggested that only the priming of the close friend modulates both early-and late-EEG signatures of pain and happiness processing. Together, these findings provide an incipient understanding of just how fundamental the unconscious detection of affective stimuli is to the processes involved in the experience of empathy and sympathy.
Neuroimaging and neurophysiological studies highlight both similarities and differences between first-person and vicarious emotions such as disgust [Jabbi et al., 2007; Wicker et al., 2003] , sadness [Rameson et al., 2012] , or pleasant somatosensory and affective experiences [Francis et al., 1999; Lamm et al., 2015; McCabe et al., 2008; Rolls et al., 2003] . Pain, however, has been the focus of the majority of studies having to do with the neural basis of empathy [Engen and Singer, 2013; Krishnan et al., 2016; Lamm et al., 2011] . Although the somatic and vicarious pain representations are not entirely overlapping [Krishnan et al., 2016; Lamm et al., 2011] , studies indicate that the explicit representation of self and others' pain may involve primary (S1) and secondary (S2) somatosensory areas, bilateral anterior insula (AI), supplementary motor area (SMA), anterior cingulate cortex (ACC), and midcingulate cortex (MCC) along with the underlying thalamic and brainstem regions.
Although the field is still in its infancy [Morelli et al., 2015a] , the study of empathy for positive states (such as happiness) is rapidly increasing [Fusaro et al., 2016] to match the already established neuroscientific research on empathy for negative states such as pain or disgust. Given that the construct of positive empathy (PE) remains illdefined, different terms are used by different authors in reference to it (e.g., empathic joy, [Smith et al., 1989] ; responsiveness to others' positive emotional disclosures, [Gable et al., 2006; Reis et al., 2010] ; vicarious reward Morelli et al., 2015a] .
Generally speaking, PE refers to conditions in which imagining, recalling, observing, or learning of others' positive outcomes can trigger positive states in the empathizer. Operationally, PE has been described referring to the following three distinct empathic states: (i) empathic cheerfulness, which is the display of positive emotion to a suffering person in order to cheer that person up [Light et al., 2015] ; (ii) empathic happiness, a joyful response to positive events that involve others [Batson et al., 1995] ; and (iii) goodwill, the desire to see others in a happy state [Light et al., 2015] , which may represent an innate attitude in promoting prosocial behaviours. While scarce, previous studies indicate that personal and vicarious rewards may be represented in both distinct and overlapping neural networks [Knutson et al., 2005; Krishnan et al., 2016; Liu et al., 2011] . In this vein, meta-analytic evidence [Morelli et al., 2015b] suggests that vicarious reward is represented in neural regions that are also involved when directly experiencing reward. In particular, research on the neural correlates of positive empathy suggests that: (i) first-hand and vicarious positive social touch (a caress) generates common activity in S1 and S2 [Ebisch et al., 2011] ; (ii) depending on the tactile C afferents activity, also the posterior insular cortex has been found being involved in encoding of both self-affective touch during social interaction and observed moving caresses [Morrison et al., 2011] , (iii) the gender of a caresser and the concomitant perceived pleasantness of the touch influences neural activity in S1, hinting at this structure's role in coding the affective valence of touch in social contexts [Gazzola et al., 2012] .
In the present study, we explored the neurophysiological correlates of the implicit perception of pain and pleasure in other individuals. We linked these correlates to empathy by measuring the BOLD responses of people tested with a novel experimental paradigm [Chiesa et al., 2015] that combines affective misattribution procedure (AMP) and continuous flash suppression task (CFS). AMP entails the brief presentation of a prime with negative or positive valence that influences the explicit likeness rating of neutral unfamiliar targets, for example, a Chinese logogram for nonChinese readers [Payne et al., 2005] . But rather than using a brief presentation, we presented a prime stimulus that was impenetrable to the consciousness by way of a CFS procedure. Introduced by Tsuchiya and Koch [2005] , CFS is a procedure in which high-contrast scrambled patterns are flashed to the dominant eye, thus rendering the lowcontrast stimulus presented to the nondominant eye undetectable by conscious awareness. Based on the assumption that the subliminal presentation of unpleasant, pleasant or neutral social stimuli to others may influence the direct likeness ratings [Nosek et al., 2011] , we hypothesized that facial expressions of pain, pleasure or neutral touch might allow us to investigate whether subliminal primes with different valences activate different neural systems, as well as the degree of overlap between these neural systems and those activated during explicit observation and first-hand experience of the same states.
In regards to brain activity, we predicted that (i) pain expressions would engage the anterior cingulate cortex (ACC) and the insula, two regions known to be activated during first-person and vicarious pain [e.g., Jackson et al., 2006; Lamm et al., 2011] ; while (ii) observing pleasant situations would relate to activity in the somatosensory [Ebisch et al., 2011; Francis et al., 1999; Gazzola et al., 2012] and orbitofrontal regions [Morelli et al., 2015b] .
MATERIALS AND METHOD

Participants
Twenty right-handed volunteers gave written consent to participate in the study (13 female, mean age 24.7 6 3.7 years). All of them were na€ ıve as to the purposes of the experiment and free from any contraindication to MRI scanning. All volunteers were Italian, did not have any familiarity whatsoever with Chinese language, had normal or corrected-to-normal vision, and had not reported any neurological or psychiatric diseases. The study was approved by the independent Ethics Committee of the Santa Lucia Foundation (Scientific Institute for Research Hospitalization and Health Care) and was carried out in accordance with the principles of the 1964 Declaration of Helsinki.
Stimuli and Procedure
Primes consisted of pictures displaying faces of a stranger experiencing Neutral (a touch), Painful (a slap), or Pleasant (a caress) touch. There were 72 total greyscale images of faces (eight models, half females, with nine pictures for each model, three for each touch-condition) cropped to show only the face, hair, and the acting hand (Fig. 1A) . All images were matched for size (1,024 3 768 pixels), brightness, and contrast. To keep the primes subliminal, we used the CFS technique. In this powerful type of binocular rivalry, a series of high-contrast patterns (the mask) are continuously flashed to the dominant eye, while the image of interest (the prime) is presented to the other eye (Fig. 1B) . Under such binocular rivalry condition, the eye receiving the stronger input dominates the perception and suppresses the other stimulus. Participants wore redcyan anaglyph eyeglasses in order to filter one image to each eye, thus eliminating participants' awareness of the primes. In each trial, participants were presented with videos (duration 5 1,500 ms) composed of (a) the prime, that is, one of the 72 desaturated cyan pictures, and (b) dynamic red masks made of high-contrast neutral faces segmented into 128 3 128 pixels squares, randomly rearranged and rapidly (10 Hz) flashing [Tsuchiya and Koch, 2005] . The CFS method was coupled with a modified version of the AMP [Payne et al., 2005] that measured to what extent the implicit induction of affect (by a prime) brought about misattribution changes to the subsequently presented neutral stimuli, the Chinese logograms (target stimuli). Participants were instructed to classify the target as pleasant or unpleasant. The logic underlying the AMP procedure is that even when unaware of the affectiveladen prime pictures, participants may be more inclined to perceive a stimulus as pleasant if they have "implicitly" formed favourable feelings toward the target stimulus, which is neutral in and of itself . The priming's effect is measured in terms of the percentage of pleasant judgements toward the logograms. Each video (size: 19.58 3 14.68, durations: 1,400 ms) was immediately followed by one of 72 Chinese pictograms. The pictogram/target was presented for 150 ms. The different target stimuli were presented in a fully randomized order, controlled by an in-house Matlab script. For each trial, the participants were asked to respond to the following choices: (1) the target was pleasant or unpleasant; (2) the suppressed stimulus appeared to the Left/Right of the central fixation cross; (3) the priming was implicitly or explicitly perceived (see Fig. 1A ).
The last question was asked only when participants correctly identified the side on which the suppressed stimulus had appeared. All three answers were given within a two-alternative forced choice task (2-AFC). Trials in which participants reported to have consciously perceived the prime (Question 3) were discarded from the analyses. Furthermore, participants were informed about the presence of the prime but not about its content. In the case that a participant was able to see the prime explicitly, they were instructed not to let the image influence their explicit reports about the pleasantness of the target. A schematic representation of a trial is reported in Figure 1B .
Before scanning, volunteers entered a dark, quiet room where they underwent a brief familiarization task consisting in at least two sessions of 12 trials each. The familiarization procedure was a slightly modified version of the experimental task. The two main differences were the following: (i) primes were images of neutral objects (e.g., a bottle) instead of faces and (ii) catch trials, in which no prime appeared, were included in order to monitor the participant's comprehension of the task. To determine the ocular dominance and, consequently, the position of each lens of the anaglyph eyeglasses, the Miles test [Miles, 1930] was used in combination with a familiarization phase. The goal was to minimize the explicit detection of the priming images.
Each participant completed four fMRI runs lasting 13 min. Each run consisted of the presentation of 72 stimuli, 24 per condition (Neutral, Pleasant, and Painful), for a total of 288 trials for each session. Each trial was interleaved with a black fixation cross (dimension: 0.483 0.48) of differing duration (mean 2,500 ms, range: 2,000-3,000 ms). A fully randomized event-related design was used.
The entire protocol lasted about one hour in the scanner and about 30 additional minutes outside the scanner (for instruction, training and completion of the self-administered questionnaires).
Behavioural Data Analysis
Based on the answers to Question 3, trials in which there was even partial explicit stimulus detection were excluded from all the behavioural analyses. The proportion of "like" ratings for each condition were then compared to investigate whether the stimuli had been subliminally processed. Specifically, the average percentage of "like" ratings was entered into a repeated measures analysis of variance (ANOVA) with the suppressed prime pictures condition (Painful, Neutral, Pleasant touches) as within-subject factor. We expected the priming procedure to affect the explicit ratings of the neutral Chinese pictograms. More specifically, we expected the subliminal presentation of painful and pleasurable facial expressions to increase the likelihood of negative ("dislike") and positive ("like") evaluations, respectively. Participants were also asked to report the position of the prime on the screen (Question 2) as they had intuited it, as this is a valid method for indirectly evaluating the subjects' awareness of the primes [Greenwald et al., 1995] . Specifically, based on signal-detection theory [Green and Swets, 1966] , we calculated D-primes to measure the participants' sensitivity in detecting the priming spatial position (Left vs. Right).
Prior to MRI scanning, participants were asked to fill the Italian version [Albiero et al., 2006] of the interpersonal reactivity index (IRI, [Davis, 1980] and, given the relationship between empathy and prosociality [Decety et al., 2016; Eisenberg and Miller, 1987] , the prosocialness scale for adults (PSA) [Caprara et al., 2005] . The IRI is a 28-item self-report questionnaire assessing both the affective and the cognitive aspects of empathy based on the following four subscales: (1) empathic concern (EC), the tendency to have self-oriented negative feelings in response to others' distress; (2) personal distress (PD), the extent to which an individual feels distress as a result of witnessing another's distress; (3) perspective taking (PT), which refers to the dispositional tendency of an individual to adopt the perspective of another; and (4) fantasy scale (FS), the individual's propensity to become imaginatively involved with fictional characters and situations. Each subscale had seven items scored on a 5-point Likert scale (from 0 "it does not describe me at all" to 4 "it describes me very well"). The PSA questionnaire for assessing adult prosocialness contains 16 items. Participants were asked to indicate the degree to which they engage in different types of prosocial behaviours (e.g., "I try to help others") on a 5-point Likert scale (from 1 "never" to 5 "always").
Trials Classification
In the present study, two methods were used to control whether participants consciously perceived the primes. The first was asking participants to report the position of the prime (left or right with respect to the fixation cross). The second was asking participants to report whether they had perceived any prime-related clue (see above).
On one hand, the first question showed us that subject responses were, on average, not random. On the other, the third question allowed us to exclude all trials in which the prime had not been completely suppressed. Nevertheless, the extent to which each given single-trial was implicitly processed remains a question. The AMP is an indirect way to measure the mean effect of the priming on the subjects' affection, rather than the actual processing of each single prime. This was addressed as following: Two assumptions were considered: (i) that consecutively "consistent" judgements in respect to the prime, that is, "dislike" after painful stimuli or "like" after pleasant stimuli, suggests a higher probability that the affective information of those trials had been subliminally processed by the brain, and (ii) the more the participant's responses are consecutively "consistent" with the prime, the less probable it is that the stimulus-response (S-R) congruency can be explained by chance. Since it is not possible to select only the trials that are subliminally influencing participants' responses, we estimated the probability that prime had affected the response for each trial by estimating logistic "b" coefficients through a generalized linear model (GLM), with a logit link function for a binomial distribution associated to each trial. In particular, we estimated how the valence of the prime (pleasant, unpleasant, neutral) would predict the judgment of the logogram (like vs. dislike) in a sequence of 12 trials (the five preceding and the six following trials). Conventionally, we coded the binary outcome variable (i.e., the subject's judgment about the Chinese logogram), as "1" when participants' response was "like," and "0" when it was "dislike." The priming condition represented our predictor and its levels were coded as follows: the pleasant condition was coded as 1, the neutral conditions was coded as 0, and the unpleasant condition was coded as 21 (Table I) . In order to make the coefficients more easily interpretable, we transformed them into probabilities of giving a "consistent response" by applying the following formula p 5 (exp(b)/(1 1 exp(b)), given that the b coefficient expresses the exponential of the odds.
The choice of 12-trials sequences was based on the theoretical consideration that 10-15 observations are needed for reliably estimating a parameter [Field, 2009] , and the pragmatic consideration that the more we increase the temporal window (i.e., the number of trials used for estimating the logit function), the more we have to discard trials from the analysis. Consequently, the statistical power for the "Context 3 Prime" would be undermined. The choice of the number of trials and the procedure is not explicitly driven by previous literature, but follows the assumption that if an effect priming occurs in a trial, it is very likely that this trial is embedded in a sequence of events with a coherent effect. This Context-consistency approach could be seen as a sort of smoothing procedure, something like a moving average but in the context of the estimation of a discrete outcome coming from a binomial distribution (see Table I for an example of an entire session).
Following this statistical approach, we separated trials with positive logit values, that is, those embedded in a sequence where the prime consistently affected the judgment, from those embedded in sequences where the responses were either provided by chance or were consistently incongruent. In other words, positive values of logit mean that a "consistent" judgement (i.e., "like" after pleasant or "dislike" after unpleasant) is more likely to occur (p consistency > 0.50). Based on this, we created two final trial types: the "high context-consistency" trials (associated with p consistency > 0.50) and the "low context-consistency" trials (associated with p consistency 0.50). To summarize, this coefficient indicates the strength of each trial's Context-Consistency and, consequently, the probability (Low vs. High) of having been subliminally processed. 
fMRI Data Acquisition
The fMRI study was carried out using a Siemens Allegra (Siemens Medical Systems, Erlangen, Germany) 3T scanner, and stimuli were presented with Cogent2000 (Cogent, www.vislab.ucl.ac.uk/Cogent/) for MATLAB (v 7.1, The MathWorks, Natick, MA) through a mirror mounted on an MRI headcoil on a monitor (1.024 3 768 resolution, and refresh rate 60 Hz). Head movement was minimized by mild restraint and cushioning. Each participant underwent four fMRI runs. Blood oxygenation level-dependent (BOLD) contrast was obtained using gradient echo-planar imaging sequence (repetition time 5 2.08 s; time echo 5 30 ms). Complete coverage of the cortex was obtained by 32 slices with a thickness of 2.5 mm. Given that the duration of the run depended on the response to the second question, a different number of volumes was obtained for each session of each participant (Mean 5 279, SD 5 5). The first four volumes of each run were discarded to insure a magnetization equilibrium.
fMRI Data Analysis
We used the statistical parametric mapping package SPM8 (www.fil.ion.ucl.ac.uk) implemented in MATLAB for data preprocessing and statistical analyses. The raw images were preprocessed according to the following steps: (i) realignment of acquired EPI images; (ii) correction of slice-acquisition delays using the middle slice as reference; (iii) normalization to the standard MNI space; and, finally; (iv) smoothing of images with a Gaussian kernel of 8-mm full-width at half maximum (FWHM) to increase the signal-to-noise ratio. Two participants were excluded from the analysis due to excessive head motion during image acquisition (> 2.5 mm translation and/or 2.58 rotation). Realigned data were reassessed for the remaining eighteen participants using the Artifact Detection Tools software (ART; http://www.nitrc.org/projects/ artifact_detect/), a graphic tool to detect excessive motion artifacts in fMRI data. Outlier scans were identified in the temporal sequence by comparing each scan with the adjacent ones using the following criteria in ART: Z-threshold 5 3.0, scan to scan movement threshold 5 0.45 mm; rotation threshold 5 0.02 rad. In addition to the six estimated motion parameters indicating the residual effects of head motion, these outliers were modelled in the firstlevel analysis by including a regressor indicating each outlier scan for each run of each participant (< 5%) .
Two different subject-level models of analysis were run. First, the Painful (PN), Neutral (NT), and Pleasant (PL) conditions were considered with participants' judgements. Second, a new approach was used to highlight the neural activity in trials that behaviourally showed more contextrelated consistency (cf. "Trials classification," above).
In line with the literature on subliminal perception, we could not control the real awareness of the subjects. There has been much discussion as to whether subliminal stimuli are actually perceived (albeit at a very low level of consciousness), or completely overlooked [Dixon, 1971] . Aware of this problem in implicit processing, we used a rigorous method to give each stimulus an index as to the likelihood of being processed. Thus, in the present research, (i) we replicated the behavioural results of our group's previous study [Chiesa et al., 2015] , giving robustness to this paradigm and (ii) we developed a method capable of estimating the likelihood that each stimulus had been processed by the brain. This method may be useful in future studies on brain processing of implicit stimuli. We reasoned that researchers have not always obtained results because it is nearly impossible in subliminal conditions to find the perfect threshold for each stimulus and each subject a priori. On the contrary, assigning statistical weight a posteriori to each stimulus for each subject allows for an analysis focused on the stimuli of interest.
The two analyses are described in detail below.
Prime-response (P-R)
The subject-specific models included 12 event-types produced by the crossing of the factors: Conditions 
Context-consistency
The first-level models of this main analysis considered the stimulus condition and the trial context-consistency, given a total of 12 events, corresponding to the new 3 3 2 3 2 factorial design (Conditions [Painful, Neutral, and Pleasant] ; trials consistency [Low, High] ; perception [Subliminal, Supraliminal] ). 12 contrast images per participant were thus produced, but only the contrast images modelling the effect of the six conditions of interest for the subliminal trials (NTlow/PNlow/PLlow/NThigh/PNhigh/ PLhigh) then underwent the second analysis. The supraliminal trials were not considered further for their inadequate number. The onsets corresponded to the onset of each video, with duration 5 0. Averaged across the four fMRI runs, linear contrasts were used to determine responses for the six conditions of interest (NTlow/PNlow/ PLlow/NThigh/PNhigh/PLhigh), which underwent the group random-effect analysis (Penny and Holmes, 2004 ) using a flexible-factorial design.
All the resulting SPM[T] maps were initially thresholded at P < 0.001 (voxel-level, uncorrected 
Region of Interest Analysis
We carried out region of interest (ROI) analyses to delve deeper into the implicit perception of vicarious affective touch. And to increase the sensitivity of our analyses given the presence of a strong a priori hypothesis regarding the area related to the observation of both pleasant and painful touch in others, we pursued a small volume correction approach (SVC).
A recent meta-analysis of 32 fMRI studies demonstrated the crucial role of the insular and medial/anterior cingulate cortex in empathy for pain [Lamm et al., 2011] . In studies in which participants observed others in pain, bilateral AI and ACC were consistently activated irrespective of the way in which empathy had been induced. Therefore, both the anterior cingulate cortex and the bilateral anterior insula were selected as anatomical ROIs for the pain condition. Additionally, given that the orbitofrontal cortex (OFC) emerged as the most likely region linking many types of reward and hedonic experience, we proceeded to investigate the region for any possible differences between pleasant and neutral priming.
ROIs were selected in the volumes of interest database [Nielsen and Hansen, 2002] . Significance threshold was set at P < 0.05 corrected for multiple comparisons.
Correlation Analysis
We sought to understand whether brain reactivity is dependent on such personality measures. We thus performed correlations between contrast estimates in identified areas and the behavioural indices, that is, those measured by the three subscales (EC, PD, and PT) of the IRI measure and the PSA questionnaire.
Based on the whole-brain analyses, regions shared by the main effect and the interaction were then identified with the masking procedure in SPM. Two final ROIs were identified with Marsbar 0.4 (http://marsbar.sourceforge. net/, SPM toolbox): (1) a first cluster was identified within the anterior prefrontal cortex (PFC), which was activated by the subliminal presentation of the Pain-Neutral condition in the high consistency trials, that is, the effect of the painful stimuli with high consistency only (PNhigh > NThigh) was masked inclusively for the interaction between "pain" and "consistency" [(PNhigh > NThigh) > (PNlow > Nlow)] and (2) the second cluster was identified within the left S1 as a result of the subliminal presentation of the Pleasant-Neutral condition, that is, the effect of the pleasant priming in trials with high consistency (PLhigh > NThigh) was masked for the corresponding
Parameter estimates of average BOLD signal were extracted from the peak of each ROI. Pearson's correlation analyses were run on SPSS software with significance threshold set at P < 0.05.
RESULTS
Behavioural Data
Trials in which participants reported to have seen the prime were removed from all the analyses (577 trials out of 5,760 total trials: about 10%). In keeping with our previous report [Chiesa et al., 2015] , the AMP score, that is, the percentage of "like" response (Question 1), was higher in the Pleasant condition (M 5 52.2%, 95% CI [46.6, 57.8] Pairwise comparisons showed that the Painful priming caused significantly lower "like" responses than both Neutral and Pleasant conditions (ts 23.09, ps 0.007), while these last two did not differ from one another (t(17) 5 0.888, p 5 0.387; see Fig. 2 ). All the significant comparisons survived the Bonferroni's correction for the FWE (P< 0.017).
Based on the proposed rational for the trial classification, in the ANOVA, we then added the ContextConsistency factor (2 levels: high vs. low consistency) to the priming-condition (3 levels: pain vs. neutral vs. pleasant). Results (Fig. 3) showed a main effect of the Prime In order to exclude facilitation, suppression or habituation effects across all the four runs, we computed average values for each run and included them in an ANOVA with a four-levels single factor (Run). The main effect was not statistically significant [F(3,51) 5 2.18; p 5 0.1; g 2 5 0.080], suggesting absence of a strong and systematic fluctuation in the priming effect. Since the classical frequentist approach cannot provide evidence in favour of the absence of an effect, we performed a multilevel Bayesian modelling analysis through the R package "brms" [Buerkner, 2016] . The prior for the fixed effect of the Run was set as a normal distribution centered on 0 and with a standard deviation of 0.20. We also modelled the r Implicit Processing of Others' Pain and Pleasure r r 5569 r dependence among the observations by setting participants as random intercepts and the random slope within each participant [Barr et al., 2013] . The null hypothesis of no effect of Run on the change in weights has a Bayes factor of 3.01, which represents positive evidence [Raftery, 1995] in favour of the null.
fMRI Results
Prime-response
We modelled the subject's responses, that is, the judgements (Like, and Dislike) toward the Chinese logograms and the type of subliminal prime (Neutral, Painful, and Pleasant touches). We thus obtained six conditions: NTlike/PNlike/PLlike/NTdislike/PNdislike/PLdislike. Significant activations were only found for the main effect of the pleasant responses (Like > Dislike) in the right inferior temporal gyrus ([44, 264, 22] , t 5 4.93), left lingual gyrus ([-10, 280, 28] , t 5 4.71) and right cuneus ([18, 276, 36] , t 5 4.29.
Context-consistency
Further analyses were successively run by considering the consistency (Low vs. High) of the responses in a subset of trials (1,953 and 1,950 trials, respectively). In other words, trials in these analyses were selected to model the strength of the supposed subliminal processing (see method session). At the individual level, the minimum number of trial per condition in the session was 19, including at least one trial per run (Supporting Information Tables SI and SII). Possible differences in error variance due to a different number of trials in the low versus high consistency conditions were accounted by the nonsphericity correction of the fMRI group analysis.
The neural correlates underlying each of the two emotional facial expressions were then investigated.
The subliminal presentation of pain stimuli that evoked coherent and consecutive responses over the neutral priming (contrast: (PNhigh > NThigh) > (PNlow > NTlow)) elicited (Table II) . The activation peak coincides with the location of Brodmann's area 10 (BA10), with the cluster extending dorsally to the BA 9 and ventrally to BA 11 (see Fig. 4A ). Our investigation of the neural correlates of the Pleasant priming presentation (contrast: (PLhigh > NThigh) > (PLlow > NTlow)) revealed the specific activity of the left sensorimotor region (see Fig. 4B and Table II ). None of the contrasts investigating the priming effect in the "low consistency" trials over the "high consistency" ones showed significant clusters in the group analyses.
We carried out ROI analyses to further explore the implicit responses specifically related to the painful and pleasant vicarious affective touch. ACC and AI were tested for the pain condition given the role in empathy for pain. We found that the implicit vicarious experience of painful emotions engages only the dorsal part of ACC (pFWE-SVC 5 0.017, [6 38 36] , BA 32), see Figure 5 . Bilateral OFC 
Correlation Analysis
Other analyses assessed possible links between BOLD signal and personality traits. No significant correlations were found between the neural activity in regions shared by the main effect and the interaction when painful or pleasant stimuli were presented, and the IRI subscales or prosocialness measures (all ps > 0.05 corrected for multimple comparisons).
DISCUSSION
In this study, we investigated whether the implicit processing of affective social stimuli with negative (i.e., pain) or positive (i.e., pleasant touch) valence modulates neural representations involved in the vicarious representation of a given primed state. To do so, we combined fMRI with a novel experimental paradigm based on both a CFS procedure, tailored to render visual stimuli subliminal, and an AMP, that provides a behavioural index for the effects of affective priming stimuli. We observed increased brain activations in PFC and ACC-two important empathyrelated areas-in response to the implicit observation of pain in other individuals, and in the primary somatosensory region when participants were primed by pleasant faces.
Expanding on previous studies [Chiesa et al., 2015; Murphy and Zajonc, 1993; Payne et al., 2005) , our behavioural results demonstrate that seeing a person receiving a painful, neutral or pleasant touch modifies likeability ratings of a neutral target according to affectively congruent responses. More specifically, we found that likeability ratings were lower following the subliminal presentation of suffering facial expressions when compared with both pleasant and neutral ones. On the contrary, like ratings of the target were more frequent when primed by an image of a person being pleasantly touched as opposed to painfully. Tellingly, the different experimental stimuli were matched in terms of their arousing power [Chiesa et al., 2015] , thus ruling out the possibility that arousal alone influenced the results [Bradley et al., 2008; Lamm et al., 2015] .
While both the right ventral ACC and bilateral amygdalae are known to be involved in supraliminal and subliminal fear stimuli processing [Williams et al., 2006] , and a double dissociation between subliminal and supraliminal processing has been demonstrated using ERPs [Liddell et al., 2004] and fMRI [Williams et al., 2006] , the overwhelming majority of studies on empathy have used supraliminal stimuli. The present study is thus unique for its use of subliminal stimuli to investigate empathic reactivity. Our analysis of brain activity indicates that painful and pleasurable subliminal information about others engages separate neural systems when compared with neutral faces, and that it does so consistently with the neural response expected for each of the tested social emotions. Specifically, we found that PFC and, ACC emerged from the ROI-based approach, are two pivotal brain regions in the implicit perception of pain, in keeping with their established role in encoding pain in both self and others [Lamm et al., 2011; Ochsner et al., 2004; Singer et al., 2004; Zaki et al., 2016] . Although ACC has already been identified as a crucial node of the pain matrix called into play when individuals are empathizing with the pain of others [Lamm et al., 2011] , no study has investigated thus far the involvement of the pain-related brain areas when participants are not aware of the affective stimuli. In addition to ACC, increased blood flow in response to various noxious stimuli have been frequenly observed also in prefrontal cortices [Peyron et al., 2000] . Although the involvments of PFC is thought to reflect attentional and memory networks activated by noxious stimulation, here we showed that anterior PFC seems to play a role also in the subliminal processing of painful facial expressions in appropriate contexts (e.g., a slapped face). It is worth noting that while AI has been found involved in the vicarious processing of supraliminal stimuli [Lamm et al., 2011] and may be critical for interoceptive awareness [Craig, 2009] , our results do not show that this region is also engaged in the subliminal processing of the pain empathic-related stimuli.
Despite studies report that activity in reward related regions parallels the pleasure deriving from the pain of others (a complex emotion called schadenfreude) [Takahashi et al., 2009] , much less is known about the neural correlates of seeing social pleasure in others. Thus, that subliminal processing of affectively positive touch brought about Figure 5 . Axial representation of the brain response of the dorsal ACC associated with the painful priming selectively for high consistency trials (contrast: (PNhigh > NThigh) > (PNlow > NTlow), pFWE-SVC 5 0.017, in red), when the small volume correction (SVC) analysis is applied. The search volume of the anterior cingulate cortex (ACC) that was selected in the Volumes of Interest database (Nielsen and Hansen, 2002) and was used for the SVC analysis is highlighted in yellow. [Color figure can be viewed at wileyonlinelibrary.com] an increase of activity in S1 is one main point of novelty of the present study. Previous studies on the neural underpinnings of the vicarious processing elicited by explicitly processed somatosensory stimuli suggest that somatosensory areas may not only be involved in representing pleasant touch in others [Ebisch et al., 2011; Gazzola et al., 2012; Keysers et al., 2010; Lamm et al., 2015] , but also in the mere observation of neutral [Blakemore et al., 2005; Schaefer et al., 2008] and painful touch [Bufalari et al., 2007; Cheng et al., 2008] . However, our "neutral touch" control condition allowed us to show that the reported effects are due to the specific social valence of the stimuli, rather than to touch per se. Thus, although the somatosensory cortices should be involved in mapping all types of touch (painful, neutral, and pleasant), in our study, we propose that the vicarious pleasant experience might be stronger than the other types of tactile sensations. It is also worth noting that the reported activation of S1 may reflect the mimicry response related to happy facial expression. This would be in keeping with the notion that facial mimicry of happy faces may also occur when people are not conscious that they are mirroring the seen expressions [Dimberg et al., 2000] . We propose that such an early processing may be a prerequisite for empathizing [Tamietto and de Gelder, 2009; Walter, 2012] , and that it can be even more evident when stimuli remain subliminal. Similarly, we speculate that the implicit processing of others' pleasure does not highlight the role of medial orbitofrontal cortex (OFC), an area that is known to be heavily involved in the explicit coding of personal reward and feelings [Francis et al., 1999; Rolls et al., 2003 ]. This result is in line with the idea that OFC is related to rational and conscious evaluations of the hedonic quality of a stimulus [Berridge and Kringelbach, 2013] . Indeed, a recent voxel-based morphometry analysis [Yue et al., 2016] demonstrates a relationship between trait positive empathy, measured by the Positive Empathy Scale, and the volume of grey matter in OFC. Not surprisingly, this finding may suggest that the abilities of explicit processing and regulating of emotionnot involved in the implicit task-are orchestrated by the prefrontal regions. However, although we did not find any significant involvement of OFC in the pleasant priming condition, it is worth noting that OFC is a region notoriously susceptible to distortions. Because the acquisition parameters used in our study were not optimized for detecting BOLD activity in OFC [Deichmann et al., 2003 ], we cannot exclude that OFC contributed to the processing of subliminal pleasant stimuli.
Analysis of correlations between BOLD signals and personality traits did not show associations between behavioral measures of individual empathy nor prosociality. One may note that the lack of correlation between empathy for pain and prosociality in our study is at odds from the above study. However, this difference could be explained by the possibility that real-world donations are a more sensitive measure for prosocialness, as suggested by studies in which prosociality is measured by real-world donations [Light et al., 2015] or actual helping behaviours [Waytz et al., 2012] .
That our paradigm tests the effect of both positive and negative emotions displayed by others is an element of novelty that may in principle allow one to disentangle the emotional aspects of painful and pleasant experiences from a more sophisticated affective reaction related to empathy. While we believe that our study casts light on implicit empathy, some limitations of the design have to be acknowledged. For example, one potential criticism regards the possibility that the activity found in the present study only reflects the valence of the stimuli. We note, however, that the neural systems called into play by the subliminal processing of our stimuli involved regions known for being recruited in the affective processing of the same stimuli, rather than for their valence alone. For example, the mere valence of pleasantness should engage the OFC [Kringelbach, 2005; Kuhn and Gallinat, 2012] . On the contrary, we found that the implicit processing of the pleasant stimuli activates the left SM1, a region involved in a large variety of processes related to the social pleasure of being touched [Francis et al., 1999; Gazzola et al., 2012] . Also deserving of discussion is the potential to distinguish between the effect of social and nonsocial pain and pleasure, which would allow for conclusions to be made as to the specific effects of empathic mapping of the subliminally processed stimuli. Although the neural activity evoked by our stimuli is in accordance with what has been found in previous studies on empathy for pain and pleasure, we acknowledge that future investigations with a larger variety of stimuli should be performed.
CONCLUSIONS
Our study supports the notion of shared representations between first-hand and vicarious experiences, and builds on previous studies by showing that specifically brain systems are engaged in mapping positive and negative experiences in others [Lamm et al., 2015] . Our novel paradigm may turn out to be adept at exploring the link between the subliminal perception of negative and positive social emotions and the ability to empathize in individuals with defective reactivity to the emotional, physical, and mental states of others, such as people on the autistic spectrum, or those with alexithymia [Bird et al., 2010] . Our approach may also be useful for exploring whether different nodes of the empathic or emotional network are recruited by painful and pleasant social versus nonsocial stimuli presented subliminally in people with neurotypical and nontypical development. Moreover, in accordance with previous findings on visuomotor priming [Ulrich and Kiefer, 2016] , our paradigm may be useful for investigating the functional connectivity between task-relevant brain regions, and thus for highlighting the neural mechanism underlying social priming.
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